Introduction
============

Metastasis is the major cause of cancer death ([@b1-or-37-06-3219]). Although the cancer dissemination is a complicated process, involving detachment of cancer cells from primary site, intravasation, extravasation and seeded in a remote site, the existing of circulating tumor cells (CTCs) is one of land-marks for metastasis process ([@b2-or-37-06-3219]--[@b7-or-37-06-3219]). While the 'seed-soil' concept is well-accepted for a successful metastasis, it is not doubted that the numbers of CTCs reflect several aspects related with the cancer malignancy and treatment outcome ([@b8-or-37-06-3219],[@b9-or-37-06-3219]). A high numbers of CTCs are likely to indicate a high potential of metastasis and a possible failure of cancer treatment with poor prognosis ([@b10-or-37-06-3219]). The continuous drop in the CTC number might suggest a correct regimen of anti-cancer treatment and a good outcome for patients. Thus, the determination of CTCs has attracted great attention in past two decades and is called 'liquid biopsy' ([@b11-or-37-06-3219]).

However, the major obstacle for utilization of this index raises from the nature of CTCs, which is a very rare event in whole blood tested, especially in the early stage of cancer, the best treatment window for cancer. Technically, to capture and detect a single digit of CTC from 10^9^/ml blood cells is very challenging. Few assays pass FDA regulation and are used in clinical practice.

The principles of defining a few of CTCs from huge numbers of normal blood cells are based on: 1) physical properties of CTCs: cell diameter, density and charge; 2) biological characteristics of CTCs: the unique epithelial marker of CTCs (such as cytokeratin and EpCAM), tumor specific proteins and antigens, chromosome heteroploid or RNA abnormality. Based on these physical and biological characteristics of CTCs, several methods have been developed to accomplish two major steps of determination of CTCs: enrichment and detection.

For the first step of enrichment, several methods have been used with their advantages and disadvantages: 1) Antibody-based method: the best example is the FDA approved CellSearch method, which uses anti-EpCAM to capture/immobilize the CTCs as positive selection ([@b12-or-37-06-3219]--[@b14-or-37-06-3219]). CTCs chips use the same principle ([@b15-or-37-06-3219]). Other immune magnetic separations utilize anti-CD45 to capture and then discard the WBC after lysis of RBC as negative selection ([@b13-or-37-06-3219]). The problem encountered by positive selection is that the cancer cells might have a transition from epithelium to mesenchymal cells (EMT) and loss of the epithelial marker, resulting in the low detection rate and false negative. For the negative selection, the CD45 might not stain well for all non-tumor cells in blood, such as macronuclei cells (precursor of platelet) or detached endothelium or transformed WBC, resulting in a false positive. 2) Physics-based method: the membrane filter method utilizes the fact that the sizes of CTCs are bigger than most of normal blood cells ([@b16-or-37-06-3219],[@b17-or-37-06-3219]); the centrifugation and /or microfluidic separation methods utilize the unique density, size and/or charge of CTCs. These methods require sophisticated techniques and special devices.

For the second step of detection, several methods are also utilized: 1) nucleotide-based assay: FISH assay is able to reveal the chromosome heteroploid or RNA abnormality, and the RT-PCR reflects the overexpression of oncogenes ([@b18-or-37-06-3219]); 2) Antibody-based assay: the use of anti-CK can detect the epithelial origin CTCs by flow cytometry ([@b19-or-37-06-3219]) or immunocytochemistry staining. The key issues in the detection step are the specificity of reagents, the sample treatment to expose the target and the interferences in the amplification process. Although the different techniques have been tested and used, their specificity and sensitivity are not ideal ([@b20-or-37-06-3219]--[@b22-or-37-06-3219]), and the side-by-side comparison of their characteristics is needed.

Animal model has been utilized to study tumor metastasis for a long time, due to 1) the heterogeneity is slight in a small animal model; 2) the conditions of different types of animal experiments are easy to control. Similarly, animal models can be utilized to study the alteration patterns of CTCs varied with the stage development of metastasis and the different treatments. However, how to detect mouse CTC alterations and which is the best method to accurately reflect the CTC alterations are under studied, since the most attention is paid to detection of human CTCs, but not in animal models.

In this study, we utilized the dual-gene transfected 4T1 breast cancer cell line, which stably expressed the GFP and luciferase for accurately tracking and quantitating CTCs, to perform a side-by-side comparison of three different CTC assays for their advantages and disadvantages. The same amounts of blood sample from BABL/c mice with lung metastases as result of intravenous injection of GFP and luciferase dual-labeled 4T1 cells were subjected to three different procedures, i.e. after lysis of RBC, 4T1-CTCs were detected in three formats: 1) smeared blood samples after lysis of RBC on slides and counted for GFP-4T1; 2) quantitated luciferase-4T1 with bioluminescence assay; 3) captured CTCs from blood on filter membrane and counted for GFP-4T1. The goal of this study was to determine: 1) Which method is more sensitive in reflecting CTCs; 2) What is unique in each method; and 3) Whether the filter method lose more CTCs. This study will help us to decide which method should be chosen for different research purposes.

Materials and methods
=====================

### Reagents and instruments

Fetal bovine serum (FBS) was purchased from Zhejiang Tianhang Biotechnology Co; Ltd. D-Luciferin was purchased from BioVision (Milpitas, CA, USA); DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride (cat\# D8417, Sigma Aldrich Co., USA); Whatman™ Nuclepore™ Polycarbonate Track-Etched Membranes with 8 µm pore size was purchased from Whatman (cat\# 09-300-57, Pittsburgh, PA, USA); Bioluminescence signal of lung metastases was quantitatively measured by IVIS Spectrum (PerkinElmer Co., Waltham, MA, USA). Firefly Luciferase Reporter gene assay kit was purchased from Beyotime Biotechnology Co., Ltd. Relative light unit (RLU) was measured by luminometer (Antu, Zhengzhou, China). BX63 fluorescence microscope was from Olympus, Center Valley, PA, USA.

### Cell lines and cell culture

GFP-Luc-4T1 dual labeled cell line was purchased from Caliper Life Science (Hopkinton, MA, USA) and cultured in RPMI-1640 medium containing 10% FBS, 100 U/ml of penicillin and streptomycin.

### Experimental animals

Female BALB/c mice were purchased from Slaccas Experimental Animal LLC (license\# SCXK 2012-0002, Shanghai, China). Animal studies were approved by Fujian Medical University Institutional Animal Care and Use Committee.

### Establishment and evaluation of an experimental mouse model for breast cancer lung metastasis

GFP-Luc-4T1 cells (10^6^) were freshly collected, suspended in 300 µl PBS, and then injected into the tail vein of BALB/c mice. PBS was injected into the tail vein of another nine BALB/c mice as control group. The growth of pulmonary metastasis was observed by IVIS Spectrum on day 7, 14, 21, and the data were analyzed by Spectrum Living Image 4.0 software. Lung tissue with metastases of GFP-Luc-4T1 were removed and stained by haematoxylin and eosin (H&E) after the mice were sacrificed on day 21.

### Collection of blood samples for CTCs

As shown in [Fig. 1A](#f1-or-37-06-3219){ref-type="fig"}, on day 7, 14, 21 after GFP-Luc-4T1 i.v. injection, 300 µl whole blood samples were collected by tail vein bleeding into K3-EDTA-coated tubes, mixed well and then equally divided into three 2 ml tubes, marked A, B, C, respectively, for assessment of CTCs with three different methods.

### CTCs detected with luciferase assay

As shown in [Fig. 2A](#f2-or-37-06-3219){ref-type="fig"}, 100-µl blood was centrifuged at 92 × g for 5 min, and plasma was discarded. Cell lysis buffer (200 µl) (Beyotime Biotechnology Co., Ltd.) was added to resuspend cells, incubated at room temperature for 8--10 min with occasional shaking, then centrifuged at 12,000 × g for 5 min. The supernatant was aspirated into another tube and 100 µl of luciferin working solution (Beyotime Biotechnology Co., Ltd.) was added to the supernatant, reacting with luciferase of CTCs of GFP-Luc-4T1. Immediately, the RLU in each tube was assayed by luminometer (Antu LLC, Henan, China).

To set up standard curve, the freshly harvested GFP-Luc-4T1 cells were counted, then 0, 5, 10, 20, 30, 40, 50, 60 cells were added to tubes, respectively. RLU was assayed according to the above method and the derived equation was used as standard curve to calculate the CTC numbers of GFP-Luc-4T1 cells from mice with experimental lung metastases.

### CTCs detected with counting on the slide

As shown in [Fig. 3A](#f3-or-37-06-3219){ref-type="fig"}, 1.9 ml of RBC lysis buffer was added to 100 µl blood, incubated at room temperature for 8--10 min with occasional shaking, then centrifuged at 92 × g for 5 min. After aspiration of supernatant without disturbing pellet, 200 µl of 3 nM DAPI in PBS was added to the tube well resuspend cell pellet, smeared on 24×50 mm^2^ glass slide 15 min later, covered with 0.13--0.17 thick cover glass. The GFP/DAPI positive 4T1 CTCs were pictured and counted under BX63 Olympus fluorescence microscope. The 3 µM DAPI stock solution was made in the staining buffer of 100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM CaCl~2~, 0.5 mM MgCl~2~, 0.1% Nonidet P-40.

### CTCs detected with counting on filter membrane

As shown in [Fig. 4A](#f4-or-37-06-3219){ref-type="fig"}, 1.9 ml of fixative buffer (0.2% paraformaldehyde, 0.0372% EDTA, and 0.1% bovine serum albumin) was added to 100 µl blood for 10 min at room temperature. Then, the 2 ml fixative buffer was placed in a 5-ml syringe connected to a filter supporter with 8 µm pore size of Polycarbonate Track-Etched Membrane, and passed the filter membrane in 10 min. After washing with 2 ml of PBS twice at the same speed, the membrane was placed on a glass slide as support. Of 3 nM DAPI in PBS, 200 µl was added to the membrane, then covered with cover glass. The numbers of GFP/DAPI positive 4T1 CTCs were counted, and images were pictured by BX63 Olympus fluorescent microscope.

### Statistical analysis

GraphPad Prism6 software was used for statistical analysis, and measurement data are expressed as mean ± standard deviation. An unpaired, t-test was used for comparing two groups of measurement data, and the difference was statistically significant, at P\<0.05.

Results
=======

### Establishment and evaluation of pulmonary metastasis of 4T1 breast cancer in BALB/c mouse model

In this study, the 1st key step was to set up the experimental lung metastasis model. After injection of 1×10^6^ mouse GFP-Luc-4T1 cells into BALB/c syngeneic mice, the breast cancer cells were able to settle down in lung and grew with time. In addition, the growth of 4T1 lung metastases was evidenced by seeing the tumor nodules increase with time. While none of lung metastases could be seen in the control PBS group ([Fig. 1B](#f1-or-37-06-3219){ref-type="fig"}), the tumor nodules were full in the lung of the GFP-Luc-4T1 cells injected mice on day 21 ([Fig. 1C](#f1-or-37-06-3219){ref-type="fig"}), which could cause death due to respiratory failure of lung cancer. Finally, at the end of study, the 4T1 metastases could be seen fully occupied in lung tissues ([Fig. 1D](#f1-or-37-06-3219){ref-type="fig"}). All evidence supported that this experimental lung metastasis model was successful, which could provide continuous CTCs for the assessment with three different CTC assays.

### Luc-CTCs quantitatively detected with luciferase assay

The GFP-Luc-4T1 cells used in this study are stable and highly expressed in both GFP and luciferase. All living cells that could be seen under a bright field of regular inverted microscope ([Fig. 2B](#f2-or-37-06-3219){ref-type="fig"}) were GFP positive under an inverted fluorescent microscope ([Fig. 2C](#f2-or-37-06-3219){ref-type="fig"}). Since both GFP and luciferase are driven by a same promoter, the luciferase is also likely to be expressed by each of 4T1 cells. The RLU efficiency due to the catalysis of luciferin by luciferase produced by 4T1 cells was proportional to the cell number, which could well serve as standard for counting CTCs ([Fig. 2D](#f2-or-37-06-3219){ref-type="fig"}). The equation was Y = 0.03980x -- 0.001181 and the correlation coefficient R^2^ was 0.9822. Two trace markers carried by GFP-Luc-4T1 cells are unique with no background in BALB/c mice, which provides a clear identity for us to detect and count the CTCs in a precise fashion.

As shown in [Fig. 2A](#f2-or-37-06-3219){ref-type="fig"}, we could lyse all the cells in 100 µl of blood, then added D-luciferin to the lysed CTCs for their luciferase activity. From the numbers of photo RLU, we were able to dynamically monitor the alteration of CTCs with time in the mouse model. Due to the enzymatic reaction having amplification effect, luciferase assay could be the most sensitive assay in reflecting the existing CTCs as compared to other two assays with counting GFP positive CTCs one by one with nude eye under fluorescent microscope, which was confirmed by [Figs. 5](#f5-or-37-06-3219){ref-type="fig"} and [6E](#f6-or-37-06-3219){ref-type="fig"}.

### GFP-CTCs visualized on a slide

As shown in [Fig. 3A](#f3-or-37-06-3219){ref-type="fig"}, after lysis of RBCs, the CTCs were counter-stained with DAPI/anti-fader to exclude the no-cell green fluorescence debrides, then the re-suspended cell pellet was smeared on the slide, and covered with 50% glycerol-PBS for observation under a fluorescent microscope. This simple process would also allow us to follow-up the CTC alterations with times. The disadvantage is the high background of 'ghost cell' (membranes of lysed RBCs) debris as shown in [Fig. 3C](#f3-or-37-06-3219){ref-type="fig"} compared to the filter membrane method ([Fig. 4C](#f4-or-37-06-3219){ref-type="fig"}). We found that during the first 14 days, the CTCs were seen mostly in a single cell ([Fig. 3B-D](#f3-or-37-06-3219){ref-type="fig"}), however, after 14 days, we could see two cancer cells together as clusters ([Fig. 3E-G](#f3-or-37-06-3219){ref-type="fig"}), which might have a special property in the cancer progression.

### CTCs assessed on filter membrane

When the fixed CTCs containing blood cells in the synergies were pushed through 8 µm pore size of Polycarbonate Track-Etched Membrane at a speed of 2 ml/10 min, the small RBCs and most of WBCs passed the pores, while the CTCs were retained on the top of membrane due to their big size. Similar to that seen in smeared slides, in week 2, CTCs existed mostly as single cells ([Fig. 4B-D](#f4-or-37-06-3219){ref-type="fig"}), while in week 3, some CTCs were seen in clusters ([Fig. 4E-G](#f4-or-37-06-3219){ref-type="fig"}).

### Comparison of three methods

The sensitivity of CTCs detected by three methods described above was compared at 14 and 21 days after inoculation. As shown in [Fig. 5A](#f5-or-37-06-3219){ref-type="fig"}, on day 14, the CTCs in same amount of blood detected by bioluminescence assay had the highest number as compared to the smear method (P=0.0426) and membrane filtration method (P=0.0110), while there was not statistical difference between smear method and membrane filtration (P=0.4632). A similar pattern was observed on day 21 ([Fig. 5B](#f5-or-37-06-3219){ref-type="fig"}). This set of data indicates that the bioluminescence assay has a high sensitivity in detecting CTCs, which might relate with the enzymatic amplification of luciferase.

### The increase of tumor cells in lung metastatic site was faster than CTCs

To our surprise, when comparing the speed of increase in lung metastases with that of CTCs with time, the *in vivo* bioluminescence imaging signal (measured by IVIS Spectrum) representing size of lung metastases increased at the log speed (bioluminescence imaging signal on day 7, 7.507×10^6^±3.885×10^6^; on day 14, 2.615×10^8^±1.001×10^8^; on day 21, 3.198×10^9^±7.959×10^8^; P\<0.001, [Fig. 6D](#f6-or-37-06-3219){ref-type="fig"}), while the increase of speed of CTCs was only a few cells in 7 day intervals even detected by the sensitive bioluminescence assay (P=0.3748, [Fig. 6E](#f6-or-37-06-3219){ref-type="fig"}). We speculate that this might relate to a balance between the number of cancer cells entering the circulation and their clean-up by the immune cells.

Discussion
==========

This study focused on defining good assays for detecting CTCs in a tumor-bearing mouse model ([@b23-or-37-06-3219]), which might be of benefit: 1) to reveal the process of metastasis; 2) to study how the host disseminated CTCs; and 3) to search for effective agents against tumor metastasis.

The CTC assay for experimental mouse model is different from that for human, since the mouse cancer cells could be labeled with biomarkers, such as fluorescence protein and/or luciferase, while human cancer cells exist in an unlabeled native form. Using the labeled mouse CTCs, we can determine advantages and disadvantages of the three different assays for their efficacy in quantification of CTCs.

Utilizing the unique dual labeled GFP-Luc-4T1 cells, we were able to compare three assays that practically could be used in monitoring the CTCs in a mouse model. Our new findings are: First, bioluminescence assay is the most sensitive assay for CTC detection as compared to other two methods by counting CTCs one by one with nude eye ([Figs. 5](#f5-or-37-06-3219){ref-type="fig"} and [6E](#f6-or-37-06-3219){ref-type="fig"}). This is mainly due to the luciferase catalytic effect on luciferin, an enzymatic amplification of signal that can be sensitively measured with a luminometer. The advantages of this assay are: 1) it is capable of dealing with relative large volume of blood, increasing the chance of capturing more CTCs; 2) it requires simple procedures, only lysis of RBCs and addition of luciferin to cell pellet; 3) its reading result with luminometer is subjective without human error; 4) it is very specific and a sensitive assay. Sasportas *et al* reported that bioluminescence assay could detect 2 CTCs in 100 µl blood ([@b24-or-37-06-3219]). Some studies show that bioluminescence imaging is 3--8-fold more sensitive than fluorescence imaging ([@b25-or-37-06-3219]); 5) it has very low background, since there is no luciferase background in living mammals, which yields a high signal/noise ratio, enhancing its sensitivity. However, the limitation of this method is that the number of CTCs is calculated from standard curve, therefore, there are some errors and the accuracy is not high. In addition, this method could not reflect morphological characteristics of CTCs since all CTCs are lysed as whole.

Secondly, although GFP-based two assays (CTCs smeared on slide or captured with filter) are less sensitive compared to the bioluminescence assay and consume much more human labor, they allow us to trace GFP marker of CTCs and observe the morphological characteristics of CTCs. Before day 14, the CTCs existed mainly as a single cell, however, after 14 days approximately 10% of CTCs were two together as CTC clusters, consistent with the report of Choi *et al* ([@b26-or-37-06-3219]). This information is particularly important, since it is believed that CTC-clusters have 23--50-fold increased metastatic ability ([@b27-or-37-06-3219]). Besides, detection of the CTC-clusters, they have some more advantages: 1) they are simple and convenient assays, easy to train the operators; 2) they do not need other expensive instruments, so that they can be used in general laboratory. However, the two assays have some disadvantages: 1) it is time- and manpower-consuming with human counting errors; 2) during the long-term growth process of tumor cells, a part of tumor cells could lose their GFP, which means that the green fluorescence of some CTCs are weaken with time, which might cause false negative; 3) some unrelated impurities also can emit green fluorescence, which might generate false positive. To overcome this, we used DAPI staining in the cell nucleus to eliminate interferences of non-cell impurities. It should be pointed out that when using 'smeared CTCs on slide assay', the cell drop should be spread thin enough to avoid crumbles of ghost cells covering the CTCs. When using the filtering method, the force of pushing blood cells passing the filter membrane should not be too strong, so that the CTCs could be kept on the top of membrane. Taken together, the GFP-based assays could detect the CTCs clusters, which are meaningful in reflecting the ability of metastasis, while this important information cannot be achieved by bioluminescence assay.

Thirdly, the increased speed of CTCs is not as fast as that of original source of lung metastases. The result showed that while at the 7 day intervals, the CTCs source site of lung GFP-Luc-4T1 metastases increased at a 10 time-log speed as measured *in vivo* with bioluminescence imaging ([Fig. 6D](#f6-or-37-06-3219){ref-type="fig"}), the CTCs increased only by a few ([Fig. 6E](#f6-or-37-06-3219){ref-type="fig"}). We are puzzled by this result that the CTCs increasing speed is not proportional to the fast growing lung metastases. Some studies showed that the number of CTCs in bloodstream had a peak followed by a decrease ([@b24-or-37-06-3219],[@b28-or-37-06-3219]--[@b31-or-37-06-3219]); other researchers observed the number of CTCs in bloodstream had two peaks ([@b28-or-37-06-3219],[@b29-or-37-06-3219]), but that was not observed in this study. Sasportas *et al* consider that dynamic change of CTCs is not correlated with the growth of primary tumor ([@b24-or-37-06-3219]), which is consistent with our observation. We speculate that the mechanism underlying this phenomenon may be: in early stage, a small amount of tumor cells have released into bloodstream to be CTCs, and the number of tumor cells in bloodstream gradually increased along with the growth of the original tumor. The immune system could be activated by the increasing CTCs, which in turn could kill CTCs and suppress their increasing. However, while the newly generated immune cells could effectively kill a single CTC or cluster, they are not sufficient to kill the solid tumor or metastases due to the special tumor microenvironment that blocks the immune cells to penetrate or kill solid tumor cells.

Taken together, this study compared the sensitivity of three CTC detection methods side-by-side. Due to each of them having advantages and disadvantages, researchers should select the assays based on the needs of the study. For example, if the study is focused on the effect of certain agent on the suppression of CTCs, then the bioluminescence assay could be used; if the study is focused on dissemination mechanism of CTCs, then the GFP-based assays could be selected and used according to the laboratory condition and researcher\'s technical experience. Combination of both bioluminescence assay and GFP-based assay would certainly generate more information for the dissemination of cancer cells in terms of their quantity and malignant quality.

Further investigation of the balance between the CTCs and immune response might reveal the mechanism of complicated metastasis process and generate new strategy to control metastasis.
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![Schematic of experimental design and establishment of GFP-Luc-4T1 experimental metastasis model in BALB/c mouse. (A) Schematic of experimental procedures; (B) No lung metastases in PBS control mice on 21 days after inoculation. (C) Full of lung metastases in GFP-Luc-4T1 cell-bearing mice on 21 days after inoculation. (D) Lung metastases were stained by haematoxylin and eosin (H&E) (×100).](OR-37-06-3219-g00){#f1-or-37-06-3219}

![CTC detection by bioluminescence assay. (A) Schematic of experiment procedures. (B) Images of GFP-Luc-4T1 cells under the bright field (×200). (C) Images of GFP-Luc-4T1 cells under the 488 nm excitation (×200). (D) The standard curve, reflecting the corresponding relationship between the number of GFP-Luc-4T1 cells and the RLU value.](OR-37-06-3219-g01){#f2-or-37-06-3219}

![CTC detection by smearing method. (A) Schematic of the experiment procedures. Observation CTCs by smearing method on day 14 (×200) under bright field (B), under excitation light with DAPI stain (C), under excitation light with GFP stain (D). Observation CTCs by smearing method on day 21 (×400) under bright field (E), under excitation light with DAPI stain (F), under excitation light with GFP stain (G).](OR-37-06-3219-g02){#f3-or-37-06-3219}

![CTC detection by membrane filtration. (A) Schematic of experiment procedures. Observation CTCs by membrane filtration on day 14 (×400) under bright field (B), under excitation light with DAPI stain (C), under excitation light with GFP stain (D). Observation CTCs by membrane filtration on day 21 (×400) under bright field (E), under excitation light with DAPI stain (F), under excitation light with GFP stain (G).](OR-37-06-3219-g03){#f4-or-37-06-3219}

![Comparison of CTC detection by three methods. (A) Comparison of CTC detection by three methods on day 14. (B) Comparison of CTC detection by three methods on day 21. \*P\<0.05.](OR-37-06-3219-g04){#f5-or-37-06-3219}

![The correlation between the dynamic changes of the number of CTCs and the growth of lung metastases. The growth of lung metastases as monitored using bioluminescence imaging on day 7 (A), 14 (B), 21 (C). (D) Corresponding quantification of bioluminescence imaging signal on day 7, 14, 21. (E) Comparison of CTC detection by three methods at two time points (day 14, 21). \*P\<0.05; ns, not significant.](OR-37-06-3219-g05){#f6-or-37-06-3219}
